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CPKAn increase in cellular calcium ion (Ca2+) concentration is now acknowledged to be one of the earliest events oc-
curring during the induction of plant defence responses to a wide variety of pathogens. Sphingoid long-chain
bases (LCBs) have also been recently demonstrated to be important mediators of defence-related programmed
cell death during pathogen attack. Here, we present recent data highlighting how Ca2+ and LCBs may be
interconnected to regulate cellular processes which lead either to plant susceptibility or to resistance mecha-
nisms. This article is part of a Special Issue entitled: 12th European Symposium on Calcium.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Plants have evolved defence mechanisms to cope with a wide variety
of pathogens. During the past decade, the understanding of plant cell sig-
nalling events triggered during plant–pathogen interactions has made
important advances [1]. This knowledge increase is largely derived from
the use of genetic tools during the study of the pathosystem based on
the model plant Arabidopsis thaliana and the phytopathogenic bacteria
Pseudomonas syringae pv. tomato (Pst) [1–3]. By inoculating the plant
with virulent or avirulent strains of the pathogen, it has become possible
to explore the signalling events leading either to plant susceptibility and
disease or to plant resistance responses [3]. Brieﬂy, in both cases the cas-
cade of events starts with the recognition of microbe-associated molecu-
lar patterns (MAMPs) such as ﬂagellin or lipopolysaccharides that
subsequently activate downstream signalling pathways involving a num-
ber of participants including calcium ions (Ca2+), reactive oxygen species, CalModulin-Like protein; CPK,
ine (d18:0); FB1, fumonisin B1;
, programmed cell death; PHS,
omato
opean Symposium on Calcium.
se, UPS, UMR 5546, Laboratoire
26, Castanet-Tolosan, France.
17, F-31326, Castanet-Tolosan,
eau), aldon@lrsv.ups-tlse.fr
l rights reserved.(ROS), nitric oxide (NO), mitogen-activated protein kinases (MAPKs),
Ca2+-dependent protein kinases (CDPKs or CPKs) and transcription fac-
tors such as WRKY22 and WRKY 29 to ﬁnally induce defence-related
gene expression [for reviews, 4–6]. In the event of avirulent interactions,
effectors delivered by the pathogenic microorganism (i.e. avirulence fac-
tors) are recognized by the host plant and lead to a hypersensitive re-
sponse (HR), a form of localized programmed cell death (PCD) stopping
pathogen spread at the site of infection [7]. PCD is used by plants to de-
fend themselves against biotrophic or hemibiotrophic pathogens [7,8].
In contrast, during virulent interactions, such as after plant infection
with the PstDC3000 strain, bacteria are able to suppress thehost response
and thereby successfully colonize the plant which eventually induces cell
death.
Besides bacteria, necrotrophic fungi use mycotoxins as virulence fac-
tors to cause programmed cell death in various plant species. Interesting-
ly, Fusariummoniliforme and Alternaria alternata lycopersici interfere with
the plant sphingolipid metabolism by producing two sphingolipid-like
virulence factors, fumonisin B1 (FB1) and AAL-toxin. Thus, these com-
pounds, which are natural mimics of sphingoid long-chain bases (LCBs),
the building units of sphingolipids, induce an increase in two of these
LCBs i.e. dihydrosphingosine (d18:0, DHS) and phytosphingosine (t18:0,
PHS) in plant cells. This LCB accumulation leads to PCD in leaves [9–11].
Through these observations, it became clear that sphingolipids (or their
biosynthetic intermediates), known tobe essential elements of all eukary-
oticmembranes, also play a role in cell death regulation in plant cells, pre-
sumably as second messengers [11–14]. Recently, sphingolipid proﬁling
revealed that recognition of both virulent and avirulent strains of the phy-
topathogenic bacterium Pst in Arabidopsis leaves leads to an increase in
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PHS is speciﬁcally sustained with the avirulent Pst strain and correlates
with a strong PCD response in the leaf. Therefore, PHS may play a role
in plant signal transduction processes inducing cell death in response to
pathogen attack.
Through extensive research on signalling networks leading to plant
immune responses in this pathosystem, the early steps of the process
are now well described. In this review, we focus on some recent data
mainly from our group, illustrating how calcium and sphingolipid me-
tabolites can be interconnected to control processes leading to HR
phenotypes.2. Contribution of calcium signalling pathway to plant immunity
Ca2+, as a second messenger, mediates the establishment of plant
defence responses to pathogens. Indeed, changes in intracellular calci-
um concentrations ([Ca2+]) have been reported in response to various
stimuli including microbial elicitors and pathogens [16,17]. For exam-
ple, in Arabidopsis plants challenged with Pst, Grant et al. [18], using
transgenic plants expressing the Ca2+ reporter aequorin, measured cy-
tosolic [Ca2+] increases in the inoculated leaves. The authors reported
that the avirulent strain of Pst induces a speciﬁc sustained increase in
cytosolic [Ca2+] that seems to be necessary for the onset of H2O2 accu-
mulation and HR (Fig. 1) [18].
In plants, the information encoded by Ca2+ signatures may be
deciphered by a large array of Ca2+-binding proteins, harbouring one
or several EF-hand Ca2+-binding motifs and giving rise to a cascade of
downstream events such as post-translational modiﬁcations controlling
effector activities or gene expression [19–21]. An in silico approach led
to the identiﬁcation of about 250 EF-hand proteins in Arabidopsis, includ-
ing calmodulins (CaMs), CaM-like proteins (CMLs), CDPKs, Ca2+/CaM
dependent kinases (CCaMKs) and calcineurin B-like proteins (CBLs)
[22,23]. CDPKs and CCaMKs directly transduce a signal via their kinase
activity, whereas CaMs, CMLs and CBLs are non-catalytic relay sensors
that regulate downstream targets. Thus, CBLs function as regulatory sub-
units of a speciﬁc group of protein kinases designated as CBL-interacting
protein kinases (CIPKs). Interestingly, whereas CaM is found in all
eukaryotes, CDPKs, CMLs and CBLs are restricted to the plant kingdom
and to some protists. Each of these classes of Ca2+ sensors is represented
by a large gene family in plants. For example, 10 CBLs and 50 CMLs close-
ly related to the highly conserved CaMare present inArabidopsis [24–26].
Although the role of CMLs at the physiological and molecular levels re-
mains largely unknown, emerging data point out the role of speciﬁc
members of this Ca2+-sensor family and CDPKs in plant defence re-
sponses [21,25–28].
In our group, we reported new results on Arabidopsis CML9, which
exhibits 46% amino acid sequence identity with CaM. The CML9 gene
was shown to be rapidly induced by both abiotic and biotic stresses
and using a reverse genetic approach, we established that CML9 partic-
ipates in innate plant immunity through a ﬂagellin-dependent signal-
ling pathway [29]. CMLs are also involved in the HR resulting from Pst
(avrRpt2)–Arabidopsis interactions [30]. In cml24-4 loss-of-function
mutants, HR lesion occurrence upon infectionwith avirulent pathogens
is impaired and guard cells from these plants show disrupted nitric
oxide (NO) production in response to bacterial elicitors [30]. Converse-
ly, overexpression of CML43 in Arabidopsis accelerates the HR triggered
by an avirulent Pst (avrRpt2) strain [31]. Nevertheless, additional work
has to be performed to fully understand the contribution of CMLs to
plant defence reactions and to identify the cellular processes they con-
trol. Whilst it is well known that the typical CaM acts as a Ca2+
sensor-relay by interacting and modulating the activity of target pro-
teins that could be shared with CMLs, the latter may also possess their
own speciﬁc repertoires of interacting proteins [32,33]. The physiologi-
cal relevance of these selective or speciﬁc interactions needs to be fur-
ther explored.Unlike in mammalian systems, CaM-regulated protein kinases
(CaMKs) are not well characterized in plants. In contrast, CPKs involved
in themajority of Ca2+-responsive kinase activity in plants, have drawn
the interest of many researchers [34]. CPKs harbour a protein kinase do-
main linked to a CaM-like domain through a junction sequence that
keeps the kinase inactive via a pseudosubstrate-binding mechanism.
The kinase activation results from the intramolecular interaction be-
tween the CaM-like domain and the auto-inhibitory junction due to a
Ca2+-induced conformational change [28,35]. Progress in the knowl-
edge of physiological functions of CPKs has been hampered by the
functional redundancy of these proteins. Nevertheless, changes in ex-
pression, accumulation, and/or activity of speciﬁc CPKs have been asso-
ciated with diverse defence-associated processes. Thus, transcriptome
proﬁling analyses suggest that CPKs are important mediators of signal-
ling pathways triggered by various bacterial elicitors [27,28,36]. Indeed,
the role of CPKs in Arabidopsis plant susceptibility to a bacterial patho-
gen was examined, and an increased growth of Pst DC3000 occurred
in double cpk5–cpk6 and triple cpk5–cpk6–cpk11 mutants [36]. Two
other CPKs from tobacco, NtCDPK2 and NtCDPK3 also participate in
plant responses to biotic stresses through the regulation of HR. Thus,
transgenic tobacco plants carrying the Cf-9 resistance gene exhibit a
rapid HR upon injection of Avr9 peptide from the fungus Cladosporium
fulvum [37]. Gene silencing of NtCDPK2 andNtCDPK3 in transgenicNico-
tiana benthamiana results in delayed HR and reduced wilting upon elic-
itation, according to the described gene-for-gene interaction model
(Cf-9/Avr9) [38]. These data suggest that these CPKs are required for
HR induction during plant–pathogen interactions and raise the question
of their contribution to the control of the onset of PCD.
3. Involvement of the sphingolipid signalling pathway in plant in-
fection by Pseudomonas syringae
As mentioned above, inoculation of Arabidopsis with virulent or
avirulent strains of the bacterial pathogen Pst induces a rapid increase
in PHS levels detected in leaves at 1 hpi. Interestingly, the interaction
with the virulent strain Pst DC3000 leads to a transient increase of
PHS with a return to a basal level at 5 hpi, while in the avirulent in-
teraction with Pst (avrRpm1), which typically induces a HR, an elevat-
ed and stable PHS level is observed for at least 24 hpi (Fig. 1) [15]. In
addition, using the Arabidopsis mutant sbh1-1, in which synthesis of
PHS through C-4 hydroxylation of DHS is impaired, it has been
shown that the pathogen-induced PHS increase is likely due to de
novo synthesis from DHS [15]. These data point out the involvement
of LCBs in HR induction. Consistently, exogenous application of LCBs
or mycotoxins such as FB1 on Arabidopsis leaves leads to PCD
[11,39] and it has been recently shown that when Arabidopsis seed-
lings are treated with FB1 or LCBs such as DHS and PHS a rapid activa-
tion of the mitogen-activated protein kinase MPK6 is observed. In
addition, the mpk6 null mutant displays a signiﬁcantly reduced PCD
in response to FB1 and DHS and its resistance to the avirulent strain
Pst (avrpm1) is compromised [40]. These data indicate that LCBs are
important mediators in the plant signalling pathway leading to cell
death in response to pst and in addition demonstrate that MPK6 is
probably an intermediate of this signalling pathway (Fig. 1).
4. Evidence of interplay between calcium and sphingolipids in the
induction of programmed cell death
Initially, Townley and his colleagues [34] showed that application of a
non-natural acylated LCB, C2-ceramide, to aequorin-expressing
Arabidopsis cells led to a rapid transient increase of [Ca2+] in the cytosol
and subsequent cell death. Inhibition of this [Ca2+] increase, using lan-
thanum chloride (La3+), a broad calcium channel blocker, prevented
C2-ceramide-induced cell death [41]. Consistently, using tobacco BY-2
cells, we demonstrated that DHS is also able to trigger plant PCD [42].
DHS elicits an early and rapid inﬂux of Ca2+ into the cytosol, followed
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over, La3+ is able to suppress DHS-induced cell death. Interestingly,
DL-2-amino-5-phosphopentanoic acid (AP5) or [(+)-dizocilpine]
(MK801), two inhibitors of animal ionotropic glutamate receptors, selec-
tively block nuclear [Ca2+] transients without affecting the cytosolic
[Ca2+] increase and prevent DHS-induced PCD [35]. These results dem-
onstrate the crucial role of nuclear Ca2+ homeostasis in regulating
LCB-induced PCD in plant cells [42]. More recently, using Arabidopsis
cells, we identiﬁed a novel downstream Ca2+-dependent mechanism in
the context of LCB-induced cell death. Using cross-immunoprecipitation
analyses with antibodies directed against either 14-3-3 proteins or
CPK3, we demonstrated that PHS disrupts the 14-3-3–CPK3 interaction
and induces CPK3 degradation. We further showed that PHS mediates
phosphorylation of 14-3-3 proteins on a conserved serine residue located
at the 14-3-3 dimer interface and that this phosphorylation event is
catalysed by Ca2+-activated CPK3. As phosphorylation of this site in
mammalian 14-3-3s induces their monomerisation which may
disrupt 14-3-3 interactions with “client” proteins, we speculated that
this phosphorylation event also breaks the 14-3-3 dimer in Arabidopsis
cells, promoting dissociation of the 14-3-3–CPK3 complex.Moreover, in
our system, La3+ blocks 14-3-3 phosphorylation, CPK3 proteolysis and
cell death induced by PHS, indicating that these processes are
Ca2+-dependent [39].
On the basis of these ﬁndings, we established a model for how LCBs
and calcium regulate CPK3 and 14-3-3 proteins in the context of plant
cell death. In this model, PHS accumulation induces a [Ca2+] increase
activating CPK3 which in turn phosphorylates the associated 14-3-3s.
Phosphorylation of 14-3-3 proteins at the dimer interface disrupts
their dimeric structure, promoting dissociation of the 14-3-3–CPK3
complex, thus releasing CPK3 which is subsequently proteolysed. This
mechanism is likely involved in FB1-induced PCD as FB1 induces CPK3
release from 14-3-3 proteins and CPK3 proteolysis in Arabidopsis leaves,
and since CPK3 knockout plants are resistant to FB1. Overall, our ﬁnd-
ings establish 14-3-3-regulated CPK3 as a positive regulator of
LCB-mediated PCD in plants [39].
5. Concluding remarks
In this short update, we report on the current knowledge of the pu-
tative relationships linking P. syringae infection, calcium ions, LCBs and
plant susceptibility/resistance, as illustrated in Fig. 1. Brieﬂy, both aviru-
lent and virulent Pst induce an increase in LCBs in the cytosol, suggesting
a role of thesemolecules as second messengers. However, in the case of
the virulent strain, this increase is transient, whereas upon infection
with the avirulent strain the response is sustained [15]. Similarly, differ-
ent Ca2+ signatures are reported upon compatible or incompatible in-
teractions, i.e. transient in the case of virulent Pst and sustained with
the avirulent one [18]. Since LCBs induce an increase in both cytosolic
and nuclear [Ca2+] [41–43], a link between these two second messen-
gers can be hypothesized. Moreover, it can be suggested that according
to theCa2+ signature induced by LCBs or by P. syringae strains and to the
nature of the Ca2+-binding proteins involved in the decoding of these
Ca2+ signals, different downstream signalling pathwaysmay be activat-
ed, ultimately leading to different outcomes, e.g. disease or resistance. It
is noteworthy that in response to both virulent and avirulent strains, an
increase inH2O2 is also observed [44–46].Whilst it is generally acknowl-
edged that the strongoxidative burst generated during the incompatible
interaction may contribute to HR induction [45,46], it has been
suggested that the H2O2 production in response to a virulent strain
would act as a signallingmolecule to activate basal defencemechanisms
[44]. Consistently, we have shown that DHS-induced cytosolic [Ca2+]
transients are required to activate a plasma membrane NADPH oxidaseFig. 1. Hypothetical relationships between calcium and LCBs during Pseudomonas syringae pv
be involved in plant responses to the phytopathogenic bacterium P. syringae pv. tomato (Pst)
according to representative publications [15,18,29,39,40,42,45,46] (see the text, for a compwhich subsequently leads to H2O2 production, likely associated to plant
basal defences [47].
To conclude,whereas it is now clear that free LCBs function as signal-
ling mediators during plant–pathogen interactions, a number of ques-
tions remain to be addressed. In particular, how pathogen recognition
triggers LCB accumulation in plant cells remains to be elucidated. Simi-
larly, it is not knownwhether LCBs play a role of agonists or antagonists
of Ca2+ channels or pumps respectively, to generate the observed
[Ca2+] increases. It is also important to note that, as alreadymentioned,
an increase in nuclear [Ca2+] plays a crucial role in LCB-induced PCD
[35]. However, such a role remains to be demonstrated in response to
Pst. Moreover, the cross-talk between the different second messengers
and actors (Ca2+, H2O2, 14-3-3s, MPK6, Ca2+-sensors) involved in the
LCB signalling pathway clearly needs to be further investigated, for in-
stance through identiﬁcation of downstream targets. Finally, it can be
expected that future work will lead to the identiﬁcation of additional
LCB-regulated actors coupling Ca2+- and sphingolipid-dependent sig-
nalling pathways that could be involved in plant PCD and/or defence
mechanisms.
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